The study was conducted to evaluate the effects of silage fermentation quality and type of supplementation on milk production. Thirty two Finnish Ayrshire dairy cows were used in a cyclic change-over experiment with four 21-day experimental periods and 4 × 2 × 2 factorial arrangement of treatments. Silage fermentation was modified with formic acid (FA), which was applied at the rates equivalent to 0 (FA 0 ), 2 (FA 2 ), 4 (FA 4 ) or 6 (FA 6 ) litres t -1 grass of pure formic acid (as 100% FA). Dietary treatments consisted of four silages, a protein supplementation (no supplement or rapeseed meal 1.8 kg d ). Increasing the application rate of FA restricted silage fermentation curvilinearly, as evidenced by higher concentrations of ammonia N and butyric acid in FA 4 than FA 2 silage. Similarly the use of FA resulted in curvilinear changes in the silage dry matter intake and milk yield. The highest milk and protein yields were achieved with FA 6 , while the milk yield with FA 2 was higher than with FA 4 . Interactions were observed between silage type and supplementation. Rapeseed meal increased milk yield irrespective of the extent of silage fermentation, but the magnitude of response was variable. Propylene glycol was most beneficial with restrictively fermented silages FA 4 and FA 6 . In conclusion, restriction of silage fermentation with a high rate of formic acid is beneficial in milk production. Interactions between silage composition and concentrate types suggest that the responses to supplementary feeding depend on silage fermentation characteristics.
Introduction
The effects of additives on silage fermentation and consequently on silage intake and animal performance depend on the additive used, its rate of application, the activity of biological preparations, type of forage, dry matter concentration, and chemical composition (Harrison et al. 2003) . High application rate (4 l t -1 or higher) of formic acid (FA) re-Vol. 15 (2006): 200-218. stricts silage fermentation resulting in lower concentration of fermentation acids and ammonia N, and higher concentration of residual sugars in silage as compared with extensively fermented untreated or inoculated silage (Chamberlain et al. 1992 , Heikkilä et al. 1998 , Shingfield et al. 2002a . With lower application rates the differences in fermentation profiles are generally smaller (Gordon 1989 , Mayne 1990 . In Finland, a relatively high application rate of FA (approximately 4 l t -1
, expressed as 100% w/w) is commonly used in grass preservation.
The effect of FA on silage intake and animal performance is positive especially when compared to relatively poorly preserved untreated silage (Harrison et al. 1994 , Kung et al. 2003 . The effect of FA treatment on silage intake is mediated through effects on silage fermentation as silage intake is greatly influenced by the fermentation quality of silage (Huhtanen et al. 2002) . In addition to intake, additive treatment may modify the nutrient supply to animal through rumen fermentation. Increasing the rate of FA increased microbial protein synthesis in the rumen and microbial N flow at the duodenum (Jaakkola et al. 2006) . On the other hand, restrictively fermented silages favour a high-butyrate and acetate and low-propionate volatile fatty acids (VFA) pattern in the rumen (Martin et al. 1994 , Jaakkola et al. 2006 . The low molar proportions of glucogenic relative to lipogenic VFA suggests that glucose may limit milk production with restrictively fermented silages, and indicates a greater dependence on absorbed amino acids for gluconeogenesis. This may lead to increased use of amino acids for glucose production in the liver (Huhtanen 1998) . Limited nutrient supply may in some cases explain the lower than expected milk yield responses to FA-treated silage. Therefore, supplementation of restrictively fermented silage with glucogenic substrate may overcome limitations in glucose supply and further improve the utilization of amino acids in milk production.
For optimal supplementation with concentrates and other feeds it is important to quantify the effects of silage fermentation on milk production.
Limited data is available on the systematic effects of increasing FA application rate on the fermentation pattern of silage made using the same sward, and consequently on silage intake and milk production. The aim of the present experiment was to study how the pattern of silage fermentation, when regulated by the application rate of FA, affects silage intake and milk production. Further, the study was conducted to establish whether the effects of silage fermentation on nutrient supply and animal performance could be compensated by supplements of amino acids substrate (rapeseed meal), glucogenic substrate (propylene glycol) or both. Preliminary results have been reported earlier (Jaakkola et al. 1996) .
Material and methods

Silages
Four experimental silages were made on the experimental farm of MTT Agrifood Research Finland, Jokioinen Estates in Jokioinen, Finland (60°49'N, 23°28' E). A secondary growth of a mixed timothy (Phleum pratense) -meadow fescue (Festuca pratensis) sward was harvested on 23-24 August using a direct-cut flail forage harvester (Taarup 1500, Kerteminde, Denmark). The sward was previously fertilized for the second cut with 88-14-29 kg N-P-K per hectare, respectively. The grass was treated with formic acid (850 g kg -1
) which was applied at the rates equivalent to 0 (FA 0 ), 2 (FA 2 ), 4 (FA 4 ) or 6 (FA 6 ) litres t -1 grass of pure formic acid (as 100% FA). The additives were applied using a pump applicator Ylöjärvi, Finland) attached to the forage harvester. The target rates were well achieved, since the true rates were 2.2, 4.3 and 6.3 l t -1 grass. Silages were prepared simultaneously in four concrete-lined bunker silos, each of 80-tonne capacity. Silos were covered with plastic sheets, weighted with a layer of sawdust and opened after six months ensiling period.
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Experimental design and diets
A cyclic change over-design experiment (Davis and Hall 1969) with 32 Finnish Ayrshire cows (including six primiparous) in two blocks and with 16 dietary treatments was conducted. Cows were assigned to two experimental blocks according to milk yield and allocated at random to experimental treatments. Dietary treatments in a 4 × 2 × 2 factorial arrangement consisted of four silages (FA 0 , FA 2 , FA 4 and FA 6 ), a protein supplementation (no supplement (-RSM) and rapeseed meal (+RSM)) and a supplement of propylene glycol (-PG and +PG) . The study consisted of four 21-day experimental periods with adaptation period from day 1 to 13 followed by a sampling period from day 14 to 21.
The cows had a mean (SD) live weight of 567 kg (59.8), a parity of 3.1 (1.61) and were 52 days (17.1) in lactation, producing 34.9 kg (5.00) milk per day. They were housed in individual stalls. The cows had free access to silage allowing 5 to 10% refusals. The basal concentrate mixture was formulated from barley and oats coarsely ground by a hammer mill, dry molassed sugar beet pulp (SBP) and mineral and vitamin supplement (Ca 165, P 72, Na 80, Mg 80 g kg , and E vitamin 400 mg kg -1 ; Viher-Minera Muro, Suomen Rehu Ltd, Helsinki, Finland). The composition of the basal mixture was modified to increase the supply of amino acids or glucose or both resulting in four different mixtures (Table 1) . In protein-supplemented diets RSM (Raisio Feed Ltd, Raisio, Finland) replaced 200 g kg -1 of cereals in the basal mixture and in PG diets animals were given 250 or 200 g day -1 of propylene glycol included in the SBP in blocks 1 and 2, respectively. Since PG did not replace the basal mixture the daily concentrate portion was 0.25 kg higher for PG diets. Sugar beet pulp and SBP including PG were prepared by a feed factory (Lännen Tehtaat PLC, Säkylä, Finland). Concentrate was offered at 10.00 or 10.25 (block 1) and 8.00 or 8.25 (block 2) kg per day for diets -PG and +PG, respectively. Daily concentrates were offered as three equal meals at 0530, 1230 and 1630.
Experimental procedures
Samples of ensiled grass were collected from every load at the time of ensiling and immediately stored at 4°C. Once ensiling was completed, samples were submitted for the determination of dry matter (DM), ash, neutral detergent fibre (NDF), acid detergent fibre (ADF), total nitrogen (N), soluble N and water soluble carbohydrates (WSC). During the sampling period of animal experiment, representative samples of silages and concentrates were collected daily. Concentrates were analysed for DM, ash, NDF, ADF, N and acid insoluble ash (AIA). Silages were analysed for DM, ash, NDF, ADF, lignin, N, AIA, in vitro organic matter digestibility, pH, lactic acid, VFA, ethanol, WSC and ammonia and soluble N. Silage samples and DM concentration of concentrate were analysed sepa- Feed intake and milk yield were recorded daily. Cows were milked twice daily at 0630 and 1530. Milk samples were obtained from four consecutive milkings on day 18 to 20 and analysed by infra-red milk analyser (Milko-Scan 133B, Foss Electric, Hillerød, Denmark) for fat, protein and lactose. A separate single milk sample from an evening milking on day 20 was taken for urea determination. Cows were weighed on two consecutive days at the beginning of the experiment and on days 20 and 21 of each experimental period at 1000.
Whole tract apparent digestibility was estimated using AIA as an internal marker (Van Keulen and Young 1977) . During the last 5 days of each period spot faecal samples were collected at 0630 and 1530 from 16 cows assigned to block 1. At the end of each period, samples were pooled on an individual cow basis, thoroughly mixed, subsampled and stored at -20 ºC.
Blood samples from all experimental animals were collected on day 20 of each period at 1230 and 1630. Samples were taken from the coccygeal vessels by venipuncture into evacuated collection tubes (Venoject, Terumo Europe Ltd., Leuven, Belgium) containing potassium ethylene diamine tetra-acetic acid (EDTA) and placed on ice. Once collected, blood samples were centrifuged (15 min at 900 g at 4°C), and the plasma supernatant assigned for beta-hydroxy-butyrate (β-OHB) and urea determinations was stored at -80°C. Glucose and non-esterfied fatty acid (NEFA) concentrations were determined immediately. For NEFA determination only the sample at 1230 was used.
The metabolisable energy (ME) concentration of the diets was calculated in two ways. The first approach was based on estimating silage ME concentration (MJ kg -1 DM) as 0.016 × in vitro digestible organic matter in the dry matter (g kg -1 DM) (DOMD) (MAFF 1975) and that of concentrate using published digestibility coefficients (MTT 2006) for each ingredient. The second approach was based on predicting ME intake from digestible organic matter (OM) measured in cows assuming a ME concentration of 16 MJ kg -1 digestible OM (MAFF 1975) . Measurements of AIA apparent OM digestibility coefficients determined for each cow were used for animals in block 1, while mean values for each dietary treatment found for block 1 were used for animals in block 2. In both cases, PG (gross energy concentration 20.8 MJ kg -1 DM; McDonald et al. 1995 ) was assumed to be completely digested with no methane production. Estimates of ME intake based on tabulated values and on measured OM digestibility are subsequently referred to as ME TAB and ME DET , respectively. Milk energy concentration was estimated according to Sjaunja et al. (1990) and ME requirement for maintenance according to MAFF (1984) . The efficiency of utilization of ME for milk production was calculated ignoring changes in live weight.
Protein balance in the rumen (PBV) and amino acids absorbed in the small intestine (AAT) were calculated according to a modified Nordic AAT-PBV protein evaluation system adopted in Finland (MTT 2006) . Forage AAT and PBV concentration was calculated using the equations based on crude protein concentration and measured DOMD (MTT 2006) . Concentrate AAT and PBV concentrations were calculated using published values for individual concentrate ingredients (MTT 2006) . Estimates of the efficiency of utilization of AAT for milk protein synthesis and milk production were calculated ignoring changes in live weight.
Rumen fermentation was studied simultaneously with the dairy experiment with four rumen fistulated cows in a 4 × 4 Latin square experiment. The cows had a mean daily DM intake of 16.3 kg and mean milk yield of 13.1 kg. Dietary treatments consisted of four silages (FA 0 , FA 2 , FA 4 and FA 6 ) offered ad libitum. In addition, the cows were offered one of the concentrate mixtures (+RSM, (+RSM, -PG) at 5 kg per day. The study consisted of four 5 kg per day. The study consisted of four 21-day experimental periods. Feed intake, milk yield and milk composition were measured as in the dairy experiment.
To assess ruminal fermentation, samples were obtained via the rumen cannula using a vacuum pump on day 19 of each period immediately before the meal at 1230 and 1.5, 3.0, 4.5, 6.0, 7.5 and 9.0 hours thereafter. Immediately after removal, pH
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was measured and the samples were filtered through two layers of cheesecloth. Samples of rumen fluid destined for VFA determinations were immediately preserved with 0.5 ml of saturated mercury (II) chloride and 2.0 ml of 1 M sodium hydroxide and stored at -20 -20 20°C. Samples of rumen fluid submitted for ammonia determinations were immediately preserved with 0.3 ml of 50% (v/v) sulphuric acid and stored at -20 -20 20°C. To count rumen protozoa, samples were pooled to provide one sample per day, and stored in formalin.
Analyses
Chemical analyses of the feed and faecal samples, and milk urea measurement were made as reported previously by Huhtanen and Heikkilä (1996) . Total N and soluble N concentrations in fresh silage samples were measured by the Kjeldahl method using Cu as a digestion catalyst and Tecator 1028 Distilling Unit. Silage ethanol concentration was determined according to Huida (1982) . A modification of the method described by was used to measure in vitro OM digestibility of the forages. The results were calculated with a correction equation to convert pepsin-cellulase solubility values into in vivo digestibility by an equation based on a data set comprising of Finnish in vivo digestibility trials. Blood glucose, NEFA, urea and ß-OHB were analysed as reported by Rinne et al. (1999) . Rumen volatile fatty acid and ammonia N concentrations were determined as explained by Shingfield et al. (2001) . The protozoa in the rumen fluid were counted using a haemocytometer after fixing the samples with a methyl green-formalin solution.
Statistical analysis
Measurements collected during the sampling period were used when calculating the feed intake and milk production results. Three observations were lost due to health problems not related to the experimental diets. Experimental data was subjected to Analysis of Variance using the General Linear Model procedure (PROC GLM) of Statistical Analysis Systems Institute (SAS, 1989) . The statistical model included the effects of block, cow within block, period and treatment. Treatment carry-over effect was included for milk production and feed consumption data, but no significant effects were found. For blood metabolite data, the results were analysed by a split-plot analysis of variance with sampling time as a sub-plot (Snedecor and Cochran 1967).
Sums of squares for treatment effects were further separated using orthogonal contrasts into single degree of freedom comparisons for the linear, quadratic and cubic effect of the FA rate and the effects of RSM and PG supplementation. Further contrasts were performed to assess the significance of interactions between the main treatment effects. Results are presented for the main effects of linear (L), quadratic (Q) and cubic (C) effects of FA rate, and RSM and PG supplementation. The probabilities of the statistical significances of FA rate are expressed by P L , P Q , and P C . The results of the main treatment effects are presented in the Tables while the milk production results for all 16 treatments are shown in Figures due to the observed interactions.
Rumen fermentation data was analysed using the same split-plot analysis as for blood metabolites. The effects due to block were removed and treatment effects were separated into L, Q and C effects of FA application rate.
Results
The chemical composition of the grass ensiled, and the silages are shown in Table 2 and that of the concentrates in Table 3 . Grass had a high WSC (129 g kg -1 DM) and moderate crude protein concentration (145 g kg -1 DM). For unwilted material, the DM concentration of grass was relatively high (267 g kg -1
). Formic acid reduced both respiration and proteolysis after the application, since WSC concentration was higher and soluble N concentration was lower in FA than untreated grass samples collected at the time of filling the silos.
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All silages were well preserved although the extent of fermentation was greater in untreated than FA-treated silages. Silage pH increased from 4.18 to 4.30 when the application rate of FA increased from 2 to 6 l t -1 while in FA 0 silage the pH value was the same as in FA 6 . Lactic acid concentration decreased and consequently that of WSC increased with the increasing application rate of FA. The change was not linear as the difference between FA 2 and FA 4 was relatively small. A slightly higher concentration of butyric and other fermentation acids were observed in untreated silage compared with FA-treated silages. Proteolysis was restricted by the FA treatment indicated by a decrease from 84 to 43 g ammonia-N in kg total N, when the application rate of FA increased from 0 to 6 l t -1 . Further, FA was effective in reducing the proportion of soluble N. However, the effect was not linear, since FA 4 had higher ammonia N proportion than FA 2 silage (60 vs. 51 g kg -1 total N).
The use of FA resulted in a curvilinear change (P L , P C < 0.05) in silage DM intake the mean response being +0.15, -0.15 and +0.57 kg day -1 for FA 2 , FA 4 and FA 6 diets, respectively (Table 4 ). The changes in silage intakes were reflected in total DM intake (P C < 0.05), and nutrient and ME intakes. Dietary RSM supplementation resulted in supplementation resulted in significant increases in silage and total DM intake (mean +0.49 kg day -1 ) (P < 0.01). On the other hand, PG inclusion tended to decrease silage DM intake (P < 0.10).
Restriction of silage fermentation with FA curvilinearly increased milk (P L < 0.01, P C < 0.05) and energy corrected milk (ECM) yield (P Q < 0.05) ( Table 5 ). The highest milk yield was achieved with FA 6 , and the yield with FA 2 was higher than with FA 4 . On the other hand, ECM yield was equal with FA 2 and FA 4 silages being 0.4 kg day -1 lower than with FA 0 and 1.2 kg day -1 lower than with FA 6 silage. The use of RSM resulted in positive (P < 0.001) milk and ECM yield responses (+1.6 kg day -1 ) with all silages. For milk yield the response was 2.38, 0.68, 1.89 and 1.30 kg d -1 for silages FA 0 , FA 2 , FA 4 and FA 6 , respectively, and for ECM yield 2.11, 1.01, 2.63 and 0.57 kg, respectively (interaction FA C x RSM, P < 0.05) (Fig. 1) . The mean effect of PG on milk yield was +0.4 kg day -1 while the response was variable being +0.36, -0.58, +1.10 and +0.46 kg d -1 for silages from FA 0 to FA 6 , respectively (interaction FA C x PG, P < 0.05). In ECM yield, no difference was observed in mean values while a significant interaction was observed between the three main factors suggesting a positive associative effect of RSM and PG only with silage FA 4 and FA 6 (interaction FA L x RSM x PG, P < 0.05) (Fig. 1) .
Increasing the rate of FA increased protein yield linearly (P L < 0.01) while the response in protein concentration was curvilinear (P C < 0.01). The use of RSM improved milk protein concentration (P < 0.05). Similarly, RSM had a positive effect on protein yield (P < 0.001) with all silages, but the response was curvilinear being +74, +27, +73 and +57 g d -1 for silages FA 0 , FA 2 , FA 4 and FA 6 , respectively (interaction FA C x RSM, P < 0.05). Similarly, the response to PG in protein yield was curvilinear (+7, -13, +34 and -2 g d -1
) being highest with FA 4 silage (FA C x PG, P < 0.05).
The effect of FA was not linear on milk fat concentration and yield (P Q < 0.05). The fat concentration was highest with FA 0 silage (43.7 g kg ). The use of RSM improved milk fat secretion (P < 0.01) (mean response +61 g d -1
) and the effect on milk fat concentration depended on silage quality being -1.1, +0.5, +2.1 and +2.5 g kg -1 for silages from FA 0 to FA 6 (FA Q × R, P < 0.05). The decreasing effect of PG on milk fat concentration was consistent with all silages (P < 0.05). Significant interactions were observed in fat concentration (FA C × RSM × PG, P < 0.01) and fat yield (FA L , C × RSM × PG, P < 0.05) which showed that the effect of PG on fat yield was positive without RSM and negative with RSM on diets FA 0 and FA 2 . In contrast, on diets FA 4 and FA 6 the effect of PG was negative without RSM and positive with RSM (Fig. 1) .
A small, but linear decrease was observed in milk lactose concentration with the increasing FA rate (P L < 0.05), whereas the yield of lactose increased curvilinearly (P L , P C < 0.05). No significant effects of RSM and PG on lactose concentra-Vol. 15 (2006): 200-218 . Table 4 . Mean effects of silage additive treatment (formic acid (FA) application rates 0, 2, 4 and 6 l t AAT = Amino acids absorbed in the small intestine (MTT 2006) SEM = Standard error of the mean SEM has been given for 32 observations (n). When n is 30, 31, 62 and 63, SEM should be multiplied with 1.033, 1.014, 0.719 and 0.714, respectively. L, Q and C are the linear, quadratic and cubic effects of formic acid application rate. R is the effect of rapeseed meal. The effects of propylene glycol supplementation and interactions were not statistically significant. Significant differences at P < 0.05, P < 0.01 and P< 0.001 levels are indicated by *, ** and ***, respectively. Table 5 . Mean effects of silage additive treatment (formic acid (FA) application rates 0, 2, 4 and 6 l t Mean effects of silage additive treatment (formic acid (FA) application rates 0, 2, 4 and 6 l t L, Q and C are the linear, quadratic and cubic effects of formic acid application rate. R is the effect of rapeseed meal and P is the effect of propylene glycol supplementation. Interactions are given as letter combinations. Significant differences at P < 0.05, P < 0.01 and P < 0.001 levels are indicated by *, ** and ***, respectively.
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Silage dry matter intake (kg d -1 ) FA0  FA0P  FA2R  FA2RP  FA4  FA4P  FA6R  FA6RP  FA0R  FA0RP  FA2  FA2P  FA4R  FA4RP  FA6  FA6P   FA0  FA0P  FA2R  FA2RP  FA4  FA4P  FA6R  FA6RP  FA0R  FA0RP  FA2  FA2P  FA4R  FA4RP  FA6 FA6P Fig. 1 . Effects of silage additive treatment [formic acid (FA) application rates 0, 2, 4 and 6 l t-1], rapeseed meal (R) and propylene glycol (P) on milk production.
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tion were observed while RSM significantly increased lactose yield (P < 0.001). The effect of PG on lactose yield was +24, -21, +67 and +27 g d -1
with the silages FA 0 to FA 6 (FA C × PG, P < 0.05). Milk urea concentration was not affected by FA application rate or PG supplementation, whereas RSM supplementation increased significantly (P < 0.001) milk urea concentration. The efficiency of dietary N utilization, assessed as the ratio of milk N/N intake and AAT utilization, changed curvilinearly with the increasing rate of FA (P L, C < 0.05) ( Table 5 ). The use of RSM depressed N utilization when assessed with the same criteria (P < 0.001). In average, the use of PG supplement improved the efficiency of dietary N utilization. However, both the effects of RSM and PG depended on silage type.
Increasing the rate of FA linearly decreased OM (P < 0.05) and crude protein (P < 0.01) digestibility, and influenced NDF digestibility curvilinearly (P < 0.05) (Table 6 ). However, the differences were numerically small. Dietary PG inclusion had no effect (P > 0.05) on digestibility, but RSM tended (P < 0.10) to increase OM digestibility and significantly increased crude protein and NDF digestibility (P < 0.001). However, a significant interaction was observed between quadratic effect of FA rate and RSM (FA Q × RSM, P < 0.05). Without RSM the NDF digestibility was 0.586, 0.597, 0.600 and 0.575 for the diets FA 0 , FA 2 , FA 4 and FA 6 , respectively. For diets including RSM, the respective values were 0.614, 0.610, 0.610 and 0.603.
Plasma glucose (P < 0.01) and ß-OHB (P < 0.001) concentrations changed in a cubic manner and urea concentration decreased linearly (P L < 0.05) with the increasing FA rate (Table 6 ). Inclusion of RSM was associated with a clear increase in plasma urea concentration (P < 0.001), but no other effects of RSM supplementation on plasma metabolites were observed. Plasma glucose concentration increased (P < 0.001) and that of ß-OHB decreased (P < 0.001) with supplementation of PG. However, the effect of PG differed between the diets (interaction FA Q × R × P, P < 0.05).
An increase in the FA application rate resulted in a linear (P L < 0.05) decrease in the mean rumen pH (Table 7) while the mean rumen ammonia N concentration changed in a quadratic manner (P < 0.05). The proportion of acetate in the rumen VFA increased (P L , Q P < at least 0.01) and that of propionate decreased (P L < 0.01) in response to the increasing rate of FA. Similarly, the proportions of isobutyric and isovaleric acid decreased (FA L, Q P < at least 0.05). Consequently, the ratio of lipogenic to glucogenic VFA increased linearly (P < 0.01) when silage fermentation was restricted. The changes in rumen fermentation pattern were not associated with changes (P > 0.05) in rumen protozoal number with increasing FA level.
Discussion Fermentation quality of the silages
Increasing the application rate of FA restricted silage fermentation as evidenced by decreased concentration of fermentation acids and an increased concentration of WSC. The extent and type of silage fermentation may be modified by differences in grass composition and epiphytic flora. Compared to our previous study with the same FA application rates (Jaakkola et al. 2006 ), the present grass had a higher DM (159 vs. 267 g kg -1
) and WSC (72 vs. 129 g kg -1 DM) concentration, and therefore was easier to ensile. As a result, the untreated silage underwent a predominantly lactic fermentation. The higher concentration of butyric and propionic acid and the higher concentration of ammonia N and soluble N indicate slightly lower quality as compared with FA-treated silages. On the other hand, FA 4 silage had higher butyric acid concentration than other FA silages. In addition, proteolysis was restricted in a curvilinear manner by the FA treatment as FA 4 had a higher proportion of ammonia N than FA 2 .
The results resemble those of Chamberlain and of Chamberlain and of Chamberlain and Quig (1987) , who observed that FA at 4 l t -1 produced badly fermented silage while 2 and 6 l t -1 produced well fermented silage. In the experiment of Jaakkola et al. (2006) , the effect of FA applica-Vol. 15 (2006): 200-218 . Table 6 . Mean effects of silage additive treatment (formic acid (FA) application rates 0, 2, 4 and 6 l t Blood: SEM has been given for 32 observations (n). When n is 30, 31, 62 and 63, SEM should be multiplied with 1.033, 1.014, 0.719 and 0.714, respectively.
L, Q and C are the linear, quadratic and cubic effects of formic acid application rate. R is the effect of rapeseed meal and P is the effect of propylene glycol supplementation. Interactions are given as letter combinations. Significant differences at P < 0.05, P < 0.01 and P< 0.001 levels are indicated by *, ** and ***, respectively.
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tion rate on fermentation and pH was more linear with increasing rate of FA. The curvilinear change in pH in the present study support the conclusion of Leibensperger and Pitt (1988) that silage pH can be either increased or decreased by FA addition depending on application rate, crop DM concentration, and other parameters. The effects of FA in silage are due both to direct acidification and antimicrobial properties. This implies that the effect of FA on the balance and survival of desirable and undesirable microorganisms may modify the fermentation in very diverse ways. The ratio of fermentation acids to residual WSC was 2.8 in untreated silage, and 1.3, 1.0 and 0.3 in FA 2 , FA 4 and FA 6 silages, respectively. This indicates a different nutrient supply to rumen microbes when the silages are fed to cattle. The differences between silages were much smaller than in the physiological study (Jaakkola et al. 2006 ) in which the above mentioned ratio was 42.0, 5.1, 1.6 and 0.3 for silage FA 0 to FA 6 . The difference between experiments is mediated through higher WSC concentration in the present silages and higher DM concentration which means no WSC losses in effluent. In the present experiment, FA 2 silage was exceptionally close to FA 4 silage in terms of fermentation profile.
Intake
Intake results were not related to digestibility data, since FA application rate had no marked effect on OM digestibility in accordance with earlier experiments using sheep (Chamberlain et al. 1982 ) and cattle (Jaakkola et al. 2006) . In general, the effect of FA treatment on silage intake depends on the application rate and the material ensiled (Harrison et al. 2003) , and consequently on the fermentation quality of the silage. In the present experiment, the fermentation pattern achieved by the FA treatment modified the intake rather than the application rate per se. This shows that the effect of FA rate on silage fermentation is not always predictable. Lower intake with FA 0 and FA 4 silages compared with other silages can be attributed to the greater extent SEM = Standard error of the mean L and Q are the linear and quadratic effects of formic acid application rate. Cubic effects were not significant. Significant differences at P < 0.05, P < 0.01 and P< 0.001 levels are indicated by *, ** and ***, respectively.
Vol. 15 (2006): 200-218. of proteolysis and secondary fermentation as evidenced by higher ammonia N and VFA concentrations which are known to influence silage intake negatively (Huhtanen et al. 2002) . However, compared to FA 2 and FA 4 silages, the intake of FA 0 silage was higher than expected from the general relationship between fermentation quality and intake (Huhtanen et al. 2002) . Highest application rate of FA improved silage DM intake by 0.42 to 0.72 kg d -1 (3.5-6.0%) as compared with the other treatments. The responses are in line with observations in experiments where restrictively fermented FA silage has been compared with more extensively fermented inoculated silages (Heikkilä et al. 1998 , Shingfield et al. 2002a . In a literature review by Harrison et al. (1994) , FA treatment increased intake of direct-cut silage by 2.3 to 15.2% and that of wilted material by 0.4% to 9.6% as compared with untreated silage.
Due to the RSM supplementation, a mean increase of 0.025 kg silage DM per g kg -1 additional crude protein in the diet was observed. This was in agreement with previous observations on grass silage diets supplemented with RSM (Tuori 1992 , Huhtanen 1998 . Although no significant interaction was observed, the response varied with the experimental silages being highest with FA 0 and FA 6 silages (0.6 and 0.7 kg DM d ). The intake responses to protein supplementation in grass silage based diets are thought to be mediated through improved nutrient balance (amino acids: ME). Thus the result of the present experiment suggests that the ratio might have been more unbalanced with FA 0 and FA 6 silages than other experimental silages. For FA 0 silage the unbalance might be explained by low amino acid supply while for FA6 silage the high silage and ME intake may have caused the imbalance. Although RSM inclusion increased NDF digestibility, the effect on OM digestibility was probably too small to explain the increased DM intake.
Supplementation with PG tended to decrease silage DM intake (mean -0.28 kg DM) irrespective of silage fermentation characteristics. Other studies have shown either increased intake (Cozzi et al. 1996) , decreased intake (Dhiman et al. 1993) or no effects on forage intake (Shingfield et al. 2002a) . In the present experiment, the intake depression of forage might be explained by the higher ME intake from the PG concentrate leading to equal total ME intake in the -PG and +PG diets.
Milk production
Restriction of silage fermentation with increasing FA level increased milk and milk component yields in a curvilinear manner. The result is consistent with the observations that the effects of silage fermentation on milk production largely depends on changes in intake (Harrison et al. 2003) . In an analysis of literature data, yields of milk, ECM, protein and fat decreased with the increasing extent of in-silo fermentation, the concentration of total fermentation acids (lactic acid + VFA) being the best single predictor of production parameters .
Reflecting the pattern of silage intake, the highest milk yield was achieved with FA 6 , while the yield with FA 2 was higher than with FA 4 . Similarly the highest protein yield was obtained with FA 6 silage, but no difference was observed between FA 2 and FA 4 silages. The increasing protein yield with the FA rate is consistent with our previous physiological study (Jaakkola et al. 2006) in which restriction of silage fermentation by FA was positively related to the synthesis of microbial protein in the rumen and microbial N flow at the duodenum. The rather small effect of the lower FA rates (2 and 4 litres) can probably be explained by the relatively good quality of untreated FA 0 silage. Absence of clear improvements in animal performance in response to FA treatment has been reported when untreated control silages were well preserved (Mayne 1993 , Smith et al. 1993 .
The responses to FA treatment may be attributed to the appearance of both positive and negative effects of silage fermentation on the nutrient supply. In addition to silage intake and microbial protein flow, the effects of silage composition on rumen fermentation may account for part of the changes especially in the relative changes in milk Jaakkola, S. et al. Restriction of silage fermentation with formic acid component yields. Despite differences in milk protein yield, only minor changes were observed in the milk protein concentration between silages. This is in contrast with other reports where the general trend has been that restricted silage fermentation increases milk protein concentration (Huhtanen 1993 , Shingfield et al. 2002a .
As compared to protein concentration, more variation was observed in milk fat concentration between silages. The lower fat concentration with FA 2 silage than FA 4 and FA 6 silages is consistent with several studies in which cows offered restrictively fermented silage have produced milk with a greater concentration and yield of fat than those offered extensively fermented silage (Chamberlain et al. 1992, Cushnahan and . The result can be explained by a strong correlation between silage fermentation and rumen fermentation profiles. Lactic acid intake leads to increased molar proportion of propionic acid in the rumen VFA (Jaakkola and Huhtanen 1992, Martin et al. 1994) , while more restrictively fermented silage has increased acetate and/or butyrate proportion in the rumen VFA , Smith et al. 1993 . Consistently, in the present experiment and in the experiment of Jaakkola et al. (2006) , restricting silage fermentation with a high application rate of FA (4 and 6 litres) induced a rumen VFA pattern with a relatively high proportion of lipogenic VFAs as compared with feeding silages treated with a lower rate of FA. In the experiments of and , a similar fat concentration was achieved with fresh grass and restrictively fermented silage.
An unexpected result occurred with the feeding of untreated silage. It induced the highest milk fat concentration despite being the most extensively fermented silage. Similar results were obtained in the study of Saarisalo et al. (2002) , in which the use of extensively fermented untreated silage resulted in higher milk fat concentration and yield as compared to feeding of FA-treated silage. The relatively high concentration of WSC and butyric acid in the FA 0 silage might partly explain the confusing result. However, the rumen fermentation results do not support this, since the (acetate + butyrate)/propionate-ratio was the lowest with FA 0 silage. In addition, the contribution of silage butyric acid is expected to be of minor importance as compared with that produced in the rumen. Thus it seems that the causative effects of silage quality on milk fat concentration and yield are not entirely clear.
Supplementary concentrates were used to improve the nutritional shortcomings of the silages. Some of the observed interactions between the extent of silage fermentation and the composition of the concentrate support the conclusion that the nutrient supply depends on silage fermentation which further determines the extent of response to concentrates.
The mean response to protein supplementation was 0.89 kg milk (and ECM) and 32.2 g milk protein per kg of RSM. The values are slightly lower than the mean values (1.05 kg, 39.4 g) in a literature review of studies in Finland (Huhtanen 1998) . Large variation was observed between the different silages so that the highest responses in milk and protein yield were observed with FA 0 silage (1.32 kg and 40.9 g per kg RSM) and lowest with FA 2 silage (0.38 kg and 15.5 g). The result with FA 0 silage support the hypothesis that milk yield response to protein supplement could be higher on diets based on extensively fermented silages which are more limited in the supply of amino acids.
Diets based on restrictively fermented silage are suggested to be more limited in nutrients providing precursors for gluconeogenesis in animal than extensively fermented silages. Silages having relatively high WSC concentration and low lactic acid concentration maintain rumen fermentation pattern rich in acetate and butyrate and low in propionate (Huhtanen 1998) . This finding is supported by the lower plasma glucose concentrations in cows fed restrictively fermented silage Huhtanen 1997, Heikkilä et al. 1998) caused by lower proportion of propionate in the rumen VFA. This would imply that the cows fed with restrictively fermented silage may benefit most from the glucogenic nutrient source. In the present experiment, the average milk yield response to PG supplementation was 0.4 kg d -1 the highest response being observed with FA 4 (+1.10 kg) and Vol. 15 (2006): 200-218. FA 6 (+0.46 kg) silages. Consistently, the lowest plasma glucose concentration without PG was observed with the FA 4 silage. However, no difference was observed between diets FA 0 and FA 6 in plasma glucose without PG despite a difference in the amount of silage lactic acid and consequently a difference in mean rumen propionate proportion in the companion study. Supplementing the diet with PG increased plasma glucose concentration being in agreement with other studies (Grummer et al. 1994 , Shingfield et al. 2002b ). The response was greatest with untreated silage while for FA-treated silages the response increased with the level of FA application rate. With FA silages, the result supports the conclusion that diets based on restrictively fermented silages are more limited in glucose precursors and the cows benefit more from PG than those having extensively fermented silages. The result with untreated silage suggests that the positive effect of high lactic acid concentration on rumen propionate is partly lost due to other limitations in silage composition.
The decreasing effect of PG on milk fat concentration was consistent with all silages. As a consequence the mean effect of PG on ECM yield and fat yield was negative with the exception of FA 4 . Although PG had no significant effects on milk protein concentration, interaction with silage type was observed in protein yield. PG increased protein yield with FA 4 silage (+ 34 g d -1
) while it had a small or even negative effect with other silages (-13 -+7 g d -1 ). In the study of Shingfield et al. (2002a) , dietary inclusion of PG had no effects on ECM and milk protein yield, while in agreement with the present study, PG decreased milk fat concentration. Shingfield et al. (2002a) concluded that the use of PG was unable to compensate for variations in animal performance due to forage conservation method. In the present experiment, the positive effects of PG on ECM and protein yields were observed on diets based on FA 4 and FA 6 silage when the diet was also supplemented with RSM. At least with FA 6 this may indicate that increased glucose supply from PG allowed increased AA supply both from microbial protein and RSM to be efficiently used for milk protein synthesis.
Conclusions
The results of the present experiment were obviously affected by the relatively high WSC and DM concentration of unwilted grass which affects the response to FA compared to a situation using grass possessing more challenging ensiling characteristics. It seems that the effect of increasing application rate of formic acid on silage fermentation and chemical composition varies and is not necessarily linear, which probably is associated to the effects of FA on epiphytic flora. Restriction of silage fermentation with a high rate of formic acid (6 l t -1 ) seemed to be beneficial to milk production in the present experiment. The use of restrictively fermented silage led to high silage intake and high milk and protein yields. Silage of moderate lactic acid fermentation may also lead to a good result provided that this can be achieved without secondary fermentation in the silage. Production response to rapeseed meal was highest with untreated silage while propylene glycol was most beneficial with restrictively fermented silage. Interactions between silage composition and concentrate types support the use of different supplementation for different types of silages.
